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No need to lecture seasoned experts here.

• Why it’s hard
• Dual-readout - DREAM
• What we’ve learned - RD52
• Where I think we will end up
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Interactions of hadrons with 
nuclei have huge fluctuations 
in π0  relative to π+ and π-, 
and huge fluctuations in 
binding energy losses from 
nuclear break-up.
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Fluctuations in π0  production, 

especially in the first nuclear interaction, result in  fluctuations 
in the “electromagnetic fraction,” fEM, and the mean fEM  grows 
with energy:

• energy resolution is poor
• mean response with energy is non-linear
• response function is non-Gaussian 

Fluctuations in nuclear break-up  

result in fluctuations in binding energy losses, liberated neutrons, 
the “neutron fraction,” fn.
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“e/h”>1
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Make  e=h,  e/h=1       (by design, “compensation”)

(1) make e smaller 
               (saturation, suppress high density signals)

(2) make h larger
               (detect neutrons through np-->np in 
                 hydrogenous medium, e.g. plastic
                 scintillator)
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Pb-scintillating fiber;
20 tons of Pb, long 

integration time
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Still the world record after 25 years.
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A compensating calorimeter is constrained by 
the absorber (high-Z like Pb) and the sensitive 
medium (hydrogenous) in a very specific ratio: 

  Pb : scintillator == 4 : 1

This is a rather small “sampling fraction”  leading 
to a poor electromagnetic energy resolution, in 
addtion to the tonnage and the long integration 

time required to collect the MeV-energy neutrons.

Is it possible to measure “e” and the neutrons
separately?  Yes, now called “dual-readout”
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Measure “electromagnetic” part, 
         by measuring  πos (mostly) 
            from their showering electrons and positrons, 
            which are relativistic and therefore
            generate Cerenkov light in an optical medium,
                      e.g., clear fibers                                

Measure “hadronic” part, 
         by measuring  scintillation light from π+s, 
                π-s, protons, e.g., in scintillating fibers                               

Measure neutrons, 
         by measuring late (10’s of nanoseconds) 
                 scintillation light in scintillating fibers   
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S = E [fEM + (1� fEM )⌘S ]
C = E [fEM + (1� fEM )⌘C ]

⌘S = (h/e)S ⇡ 0.7
⌘C = (h/e)C ⇡ 0.2

C/S ! fEM

E = (S � �C)/(1� �)

� = 1�⌘S

1�⌘C
⇡ 0.3

Dual-readout: one page
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Test beam data:  100 and 200 GeV:  NIM   537 (2005) 537.

Frame (e) is consistent with 30%/
sqrt(E) and with the GEANT4 

BERT_HP simulations
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Absolute hadronic energy 
linearity (all RD52 and 
DREAM modules) in a 
device calibrated with 
electrons at one energy
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We’ve built a variety of modules:

One Cu module equipped with reflecting Al 
on upstream Cerenkov fiber ends for 

attenuation correction in scintillating fibers.
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INFN, Pavia
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INFN, Pavia
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INFN, Pisa
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We hope to build a 4-ton copper module this year.

• reduce leakage fluctuations from 4%  to less than 1%.
• readout with 2.5 GHz RDS5 module.
• mirror upstream Cerenkov fibers, measure depth of 

light, correct attenuation in S fibers.
• use neutron signals from S-fibers.
• use external neutron counters to estimate effect of 

non-infinite calorimeter volume.
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TextText

Neutrons seen 
through np 

elastic scatters 
in S-fibers
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TextText

Plot “neutron fraction” vs. EM fraction, each event. 
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Text

Slice Cerenkov signal by “neutron fraction” ----- just 
like the EM fraction, we find that narrower Gaussians 

make up the broad calorimeter signal 
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TextText
Resolution 
improves 

using 
“neutron 
fraction”
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TextText... and no 
constant 

term.
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What we get:  e ID
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What we get:  e - π discrimination
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What we get:  µ ID

S-CS-C

(S+C)/2

 µ  π 
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What we get:  hadronic energy resolution
                    (GEANT4 - BERT_HP code)
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What we get:  hadronic energy resolution
                    (GEANT4 - BERT_HP code)
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Hadronic 
energy

resolution
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TextText

Leakage-suppressed
page 15, Fig. (e)
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TextText
(a) 100 GeV
(b) 150 GeV
(c) 200 GeV
(d) 250 GeV
(e) 300 GeV
(f) 400 GeV

Making W ! qq̄ and Z ! qq̄ events

from two DREAM module leakage-suppressed events
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Next test beams:

•   Use SiPMs instead of PMTs  (Oct. 2016 CERN test)
•   Build a large multi-ton copper module (final    
         judgment on dual-readout depends on this)

Extrusion

Rolling
(2-sided)
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Sawing
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Water-jet 
& rolling
(1-sided)
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Chemical 
milling

When you have a 
lot of options, it 
means that none 
of them are any 

good.  - Feynman
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Thank you.

I think we will end up near

and this will require careful uniformity 
control of the copper forming to 1%, 
reflectivity of the Cerenkov fibers and 
attenuation correction to 1%, neutron 
measurements, and leakage control to 1%.

�/E ⇡ 30%/
p
E � 0.5%

Saturday, March 12, 16



Saturday, March 12, 16



(BGO, BSO, PWO,  
PWO:Mo; comment)
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What we get:  hadronic energy resolution
                    (GEANT4 - BERT_HP code)
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TextText
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